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We have analyzed various characteristic temperatures and energies of hole-doped high-Tc cuprates
as a function of a dimensionless hole-doping concentration (pu). Entirely based on the experimen-
tal grounds we construct a unified electronic phase diagram (UEPD), where three characteristic
temperatures (T ∗’s) and their corresponding energies (E∗’s) converge as pu increases in the under-
doped regime. T ∗’s and E∗’s merge together with the Tc curve and 3.5kBTc curve at pu ∼ 1.1 in
the overdoped regime, respectively. They finally go to zero at pu ∼ 1.3. The UEPD follows an
asymmetric half-dome-shaped Tc curve in which Tc appears at pu ∼ 0.4, reaches a maximum at pu
∼ 1, and rapidly goes to zero at pu ∼ 1.3. The asymmetric half-dome-shaped Tc curve is at odds
with the well-known symmetric superconducting dome for La2−xSrxCuO4 (SrD-La214), in which
two characteristic temperatures and energies converge as pu increases and merge together at pu ∼
1.6, where Tc goes to zero. The UEPD clearly shows that pseudogap phase precedes and coexists
with high temperature superconductivity in the underdoped and overdoped regimes, respectively. It
is also clearly seen that the upper limit of high-Tc cuprate physics ends at a hole concentration that
equals to 1.3 times the optimal doping concentration for almost all high-Tc cuprate materials, and
1.6 times the optimal doping concentration for the SrD-La214. Our analysis strongly suggests that
pseudogap is a precursor of high-Tc superconductivity, the observed quantum critical point inside
the superconducting dome may be related to the end point of UEPD, and the normal state of the
underdoped and overdoped high temperature superconductors cannot be regarded as a conventional
Fermi liquid phase.
PACS numbers: 74.25.Fy, 74.72.-h, 74.25.Dw
I. INTRODUCTION
The unique hallmark of high temperature supercon-
ductors (HTSs) is a pseudogap phase characterized by the
observation of a multiple pseudogap temperatures (T ∗’s)
and pseudogap energies (E∗’s) by a large number of dif-
ferent experimental probes. While the pseudogap phase
precedes the high temperature superconducting phase
characterized by the superconducting transition temper-
ature (Tc) and superconducting gap energy (∆c), it is
not clear how T ∗, Tc, E∗, and ∆c are related to each
other. Specifically, how are T ∗ and E∗ related to the oc-
currence of the high-Tc superconductivity is still unclear.
Is pseudogap a sufficient and/or necessary condition for
high Tc or is it just a complication of specific material
systems? Is it collaborating or competing with supercon-
ductivity? For instance, it is argued that the pseudogap
is a competing order that may have nothing to do with
high Tc.1 On the other hand it is also suggested that the
pseudogap is intimately related to high Tc.2,3 To distin-
guish these two contradictory pictures that are critical
to the mechanism of high-Tc superconductivity requires
a comparison of various characteristic temperatures and
energies in a universal phase diagram for all HTSs. Any
systematic behavior derived from this kind of phase di-
agram will provide true intrinsic properties of HTS that
are free from material-specific complications. However,
up until now there is no such a comparison made and no
such phase diagram available. We have analyzed numer-
ous published data in the literature. We carefully select
27 HTSs: 11 single-layer, 11 double-layer and five triple-
layer HTSs as summarized in the Table I. The selection
criteria will follow when we discuss the construction of
the figures. There are 15 different experimental probes
used for these 27 HTSs which are summarized in Table II.
In this paper we unify the characteristic temperatures of
all these data of 27 HTSs on one single phase diagram en-
tirely based on our proposed universal hole concentration
scale that itself is also based on experimental results.
In the single-layer SrD-La214, where the hole-doping
concentration can be unambiguously determined from
the Sr-content (x),4 Tc(x) exhibits a well-known symmet-
ric bell-shaped curve, i.e., the so-called superconducting
dome, with a maximum Tc (Tmaxc ) located at x ∼ 0.16.5
The symmetrical dome-shaped Tc curve or the supercon-
ducting dome is approximately represented by the follow-
ing parabola,
1− Tc
Tmaxc
= 82.6× (x− 0.16)2. (1)
Assuming that all HTSs have the identical sym-
metric superconducting dome, x can be re-
placed with the hole-doping concentration (PTc).
Then, this relation could be used to determine
the hole-doping concentration for many other
HTSs.5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23 Using
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2this hole-scale based on the superconducting dome,
the PTc -scale, various phase diagrams have been
constructed.1 A distinct feature in one of such phase
diagrams is that T ∗ crosses the superconducting dome
and reaches zero at a quantum critical point (QCP)
inside the dome.1,6 On the other hand, without using the
PTc scale, some qualitative experimental observations
seem to support another picture, where T ∗ touches
the superconducting dome at around Tmaxc and merges
into the superconducting dome with no QCP inside the
dome.2 To distinguish these two fundamentally different
pictures, we need a hole scale that can reveal the true
intrinsic doping dependences of T ∗, Tc, E∗, and ∆c,
which have been already observed.
The common structural features of HTS are CuO2-
planes that host the doped holes and the block layers that
supply the holes into the planes through oxygen-doping
and/or cation-doping. While the doped hole-carriers
TABLE I: The chemical formula and the notation for the
HTSs used in the present work.
Chemical formula Notation
(Single-layer HTS)
La2−xSrxCuO4 SrD-La214
La2−xBaxCuO4 BaD-La214
La2CuO4 OD-La214
(Nd1.6−xCexSr0.4)CuO4 CeD-NdSr214
(La1.6−xNd0.4Srx)CuO4 SrD-LaNd214
Tl2Ba2CuO6+δ OD-Tl2201
Bi2Sr2−xLaxCuO6+δ CD-Bi2201
(Bi1.74Pb0.38)Sr1.88CuO6+δ OD-BiPb2201
(Bi1.35Pb0.85)(Sr1.47−xLa0.38+x)CuO6+δ CD-BiPb2201
HgBa2CuO4+δ OD-Hg1201
Tl1−xPbxSr2CuO5−δ CD-TlPb1201
(Double-layer HTS)
Y1−xCaxBa2Cu3O6 CaD-Y1236
YBa2Cu3O6+δ OD-Y123
Y1−xCaxBa2Cu3O6+δ CD-YCa123
(Ca1−xLax)(Ba1.75−xLa0.25+x)Cu3O6+δ CLBLCO
CaLaBaCu3O6+δ CLBCO
Bi2Sr2CaCu2O8+δ OD-Bi2212
Bi2Sr2(Ca1−xYx)Cu2O8+δ CD-Bi2212
HgBa2CaCu2O6+δ OD-Hg1212
(Hg0.5Fe0.5)Ba2(Ca1−xYx)Cu2O6+δ CD-HgFe1212
Tl(BaSr)CaCu2O6+δ CD-Tl1212
(Tl0.5+xPb0.5−x)Sr2(Ca1−yYy)Cu2O6+δ CD-TlPb1212
(Triple-layer HTS)
Bi2Sr2CaCu3O10+δ OD-Bi2223
HgBa2Ca2Cu3O8+δ OD-Hg1223
TlBa2Ca2Cu3O8+δ OD-Tl1223
(Cu1−xCax)Ba2Ca2Cu3O8+δ CD-CuCa1223
(Cu1−xCx)Ba2Ca2Cu3O8+δ CD-CuC1223
are initially confined in the CuO2-planes sandwiched be-
tween the insulator-like block layers, the holes are par-
tially deconfined from the planes with doping. There-
fore, the lightly doped HTS generally shows strongly
two-dimensional (2D) properties. However, as the hole-
doping increases, some physical properties are 2D and
some, although built on the 2D carriers, will nominally
be three-dimensional (3D) in nature. Therefore, it is nec-
essary to use 2D and 3D carrier-doping concentrations
to address 2D and 3D physical properties, respectively.
To quantitatively study such dimensionality-dependent
physical properties we have proposed a universal planar
hole scale (Ppl-scale) for determining the hole-doping
content per CuO2 plane (Ppl).24 In this scale, the Ppl
is uniquely determined from S290.24 We showed that, in
Ref. 24, the Ppl-scale is independent of the nature of the
dopant, the number of CuO2-plane layers per formula
unit cell (nlayer), the structure and the sample quality,
namely, single crystal or not. This universal S290(Ppl)-
TABLE II: The experimental probes and their notations for
the present work.
Experimental probe Notation
resistivity ρ
a-axis resistivity ρa
c-axis resistivity ρc
in-plane resistivity ρab
inflection point of ρ(T ) d2ρ/dT 2
thermoelectric power TEP or S
TEP at 290 K S290
a-axis TEP Sa
in-plane TEP Sab
susceptivility χ
susceptivility (H//c) χc
susceptivility (H//ab) χab
nuclear magnetic resonance NMR
nuclear quardruple resonance NQR
spin-lattice relaxation rate (NQR) (T1T )
−1
NMR knight shift (H//c) Kc
angle-resolved photoemission spectroscopy ARPES
angle-integrated photoemission spectroscopy AIPES
superconductor-insulator-superconductor
tunneling SIS
superconductor-insulator-normal metal
tunneling SIN
near edge x-ray absorption fine structure NEXAFS
electronic specific heat coefficient γ
thermal conductivity κ
neutron scattering neutron
electronic Raman scattering ERS
quasiparticle relaxation rate QPR
polar angular magnetoresistance oscillations AMRO
3TABLE III: The Tmax.c and P
opt.
pl for single-layer HTSs plotted
in Figs. 1(a) - 1(c).
HTS Tmax.c (K) P
opt.
pl Ref(s).
SrD-La214 39.4 0.16 27
SrD-La214 37 0.16 28
SrD-La214 36 0.16 29
SrD-La214 38 0.16 30
OD-Hg1201 97 0.235 31,32
CD-Bi2201 35.5 0.28 33
CD-Bi2201 33 0.28 34
OD-Tl2201 93a 0.25a 7,35,36
aWe use the reported highest Tc = 93 K as Tmax.c (Ref. 37). From
the plot of Tc vs Ppl in Fig. 1(a), the optimal Ppl is estimated to
be ∼0.25. The detail is in the text.
relationship is built on the sound experimental observa-
tions, which is similar to the situation of the most pop-
ular PTc -scale, although it is still mainly empirical and
waited to be theoretically justified. Since the average
area per copper in the CuO2-plane is almost independent
of the HTS materials, therefore, Ppl is essentially equal to
2D hole-doping concentration defined as the hole-doping
content per unit area. Using the 2D Ppl-scale, it was
found in the phase diagram for all major HTSs plotted
as a function of Ppl that the T ∗-curves are independent
of the nlayer while the Tc-curve strongly depends on it.24
Therefore the Ppl-scale is intrinsically consistent with the
pseudogap energy scale.24 We can also extend the hole-
doping content per CuO2 plane to an effective 3D hole-
doping content per CuO2 block, which includes the oxy-
gen coordination around the plane, (P3D) by a simple
conversion formula P3D ≡ Ppl × (nlayer/Vu.c.), where
Vu.c. is the unit cell volume.25 Since P3D is essentially
the hole-doping content per unit volume, therefore, this
natural extension of Ppl-scale to P3D (P3D-scale) has al-
lowed us to address the corresponding 3D properties.25
For instance, in the case of the single-layer HTS, the Hall
number per “cm3”, calculated from the in-plane Hall co-
efficient, is not scaled with Ppl but P3D.25 The τc(Tc), a
reduced temperature-scale defined as τc(T ) ≡ T/Tmax.c ,
of the single-layer HTS universally appears at 6 × 1020
cm−3 and reaches the Tmax.c at 1.6 × 1021 cm−3 as shown
in Fig. 1(b),25 although their critical hole-doping con-
centrations on the Ppl-scale depend on the materials as
shown in Fig. 1(a).24 Thus, it was shown that various
normal and superconducting properties for many differ-
ent material systems can be consistently compared by
using either Ppl or P3D.24,25,26
In order to reveal the intrinsic generic electronic prop-
erties of all HTSs, it is necessary to be able to put both
2D and 3D physical properties on a single phase diagram.
To achieve this goal, we need a carrier-scale that is not
only independent of the material system but also inde-
pendent of the dimensionality of the physical properties.
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FIG. 1: (Color online) For the single-layer HTSs, (a) the
superconducting transition temperature (Tc) as a function of
Ppl, (b) the reduced superconducting transition temperature
τc(Tc) (≡ Tc/Tmaxc ) as a function of the effective 3D hole-
doping concentration P3D, and (c) the τc(Tc) as a function of
P3D. The plotted data are summarized in the Table III. The
broken line comes from the equation (1). The solid line is our
superconducting dome.
This can be achieved if, for each material system, we scale
Ppl and P3D with their corresponding optimal doping
concentrations, P opt.pl and P
opt.
3D , respectively. Here, we
introduce a dimensionless unified hole-doping concentra-
tion, pu (pu ≡ Ppl/P opt.pl = P3D/P opt.3D ). This unified hole
scale (pu scale) can be used for all physical properties,
which is independent of their dimensionality, in all HTSs.
Indeed, the identical doping dependent behaviors are pre-
served even though τc(Tc) of the single-layer HTS plotted
as a function of P3D in Fig. 1(b) was replotted as a func-
tion of pu in Fig. 1(c).7,27,28,29,30,31,32,33,34,35,36 Here, each
4P opt.pl was determined from the plot of Tc vs Ppl for the
each compound in the present work or Refs. 24,25,26. For
the OD-Tl2201 there was few reports on the optimally
doped samples because the optimally doped OD-Tl2201
is hard to prepare. In this case we use the highest Tc = 93
K among the published data as Tmax.c .
37 From the plot
of Tc vs Ppl in Fig. 1(a), the optimal Ppl is estimated to
be ∼0.25. They are summarized in Table III. Essentially
we can view pu as a scaled dimensionality- and material-
independent universal carrier-doping concentration that
preserves the intrinsic doping dependency for any phys-
ical property for all HTSs. In this paper, we have an-
alyzed the characteristic temperatures and energies ob-
served in the 27 HTSs by 15 different experimental probe
as a function of pu. We find a dopant-specific unified
electronic phase diagram for HTS. The dominate phase
diagram is an asymmetric half-dome-shaped Tc-curve for
the cation and anion (oxygen) co-doped (CD) HTS. Tc
for the purely oxygen-doped (OD) HTS also follows the
half-dome-shaped Tc curve with some indication of the
influence of the thermally induced oxygen redistribution.
II. ANALYSIS
The details of how the Ppl- and P3D-scales were con-
structed had been reported in Refs. 24 and 25, respec-
tively. The determination of Ppl based on TEP is most
reliable. Accordingly, the data including TEP are se-
lected among the accumulated published data. The sec-
ond reliable determination of Ppl is determined from the
value of Tc using Tc vs Ppl curve for each compound re-
ported in Refs. 24,25,26. When the data with PTc is
analyzed, as the third method of determining Ppl, the
Ppl is converted from PTc by using the relation in Fig.
2(c) discussed below. To clearly label how Ppl was deter-
mined for each sample or data set used in this paper, we
use the following character to designate such that I to be
the second method if the cited data have no TEP but Tc
and II to be the third method if the cited data has only
PTc . This designation to indicate the origin of the Ppl
will be used in Table V - IX and in Figs. 3 - 6. We will
use no designation whenever Ppl is directly determined
from the TEP. All the HTSs used in the present analysis
are summarized in Table I.
We examine various characteristic temperatures and
energies of HTSs for constructing the phase diagram.
The pseudogap is generally observed as the character-
istic temperature derived by a scaling of the tempera-
ture dependence, as a distinct change in the slope of the
temperature dependence or as a peak value in the energy-
dispersion at a fixed temperature. Therefore, a reliable
estimation can only be achieved through using a wide
temperature or energy range. We only chose the char-
acteristic temperatures and energies obtained by direct
observation or those obtained through careful analysis of
the data covering a wide temperature or energy range.
For example, when T ∗ is derived by the scaling of the
TABLE IV: The HTSs plotted in Figs. 2(a) and 2(b).
nlayer HTS TEP Ref(s).
1 SrD-La214 S 29,96,97,98,99,100
SrD-La214 Sab 101
SrD-La214 Sa 102
BaD-La214 S 103
OD-La214 Sab 104
CeD-NdSr214 S 105
SrD-LaNd214 S 106
CD-Bi2201 S 107,108
2 CaD-Y1236 S 24
OD-Hg1212 S 54
CD-HgFe1212 S 52
3 OD-Hg1223 S 54
(underdoped)
temperature dependence observed below 300 K, T ∗’s over
300 K is not used.
The pseudogap was first noticed as the temperature
showing a broad maximum in (T1T )−1 vs T curve.82
The characteristic temperatures are observed as a broad
maximum in the temperature dependence of the S vs
T ,8 and γ vs T .65 S(T ) can be scaled by S(T ∗S) and
T ∗S .
24 The resistive pseudogap temperature (T ∗ρ ) is de-
fined as a temperature where the resistivity bends down-
ward from the linear temperature dependence at the
high temperature.60 The similar characteristic temper-
atures are observed also in χ vs T .61 The pseudo-
gap by the QPR is observed as the gap-like behav-
ior in substantial transient change of the optical trans-
mission or reflection induced by ultrashort laser pulse
photoexcitation.66 The ARPES and tunneling experi-
ments provide us with the characteristic energies and
temperatures, such as the peak and hump energies ob-
served in the energy-dispersion at a fixed temperature
and the temperature dependence of the energy-dispersion
curve, respectively.76 The ERS give as the coherent and
two-magnon peaks.22 In the NMR knight shift, T ∗mK is
a temperature where the constant Kc at high tempera-
ture bends downward, and T ∗K is a temperature where
the linear Kc below T ∗mK bends downward.
84,85 Recently
the resistivity curvature mapping based on the data of
in-plane resistivity up to 300 K showed that there are
two inflection points, the upper inflection point and the
lower inflection point, which are identified in the ρ vs T
curve far above Tc.64 Therefore, there are various char-
acteristic temperatures and/or energies reported in the
literature. Our goal is to see if we can put all of them
into one unified phase diagram.
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FIG. 2: (Color online) S290 as a function of the hole-doping content per CuO2 plane. (a) S
290 (≥ 7 µV/K) on the upper panel
is plotted on a logarismic scale, while (b) S290 (< 7 µV/K) on the lower panel is plotted on a linear scale. The plotted data
are summarized in the Table IV. (c) Quantitative comparison between Ppl and PTc . The dotted line shows Ppl = PTc . We
used this relation for the conversion from PTc into Ppl. The error of Ppl is below 0.04 for the CD-Bi2201 and below 0.01 for
all other HTSs. The error bar for the other materials is not shown. The shaded area represents a region with the Ppl-error of
±0.01 around the universal S290(Ppl)-curve.
III. RESULTS AND DISCUSSION
A. Universal hole-doping scale
First of all, we demonstrate how the hole-doping scale
based on the S290 is effective and universal. In Figs. 2(a)
and (b), we plot S290 of sintered sample and S290ab of the
single crystal as a function of Ppl, together with previ-
ously reported data.24 S290 (≥ 7 µV/K) on the upper
panel is plotted on a logarithmic scale, while S290 (< 7
µV/K) on the lower panel is plotted on a linear scale.
In Figs. 2(a) and (b), the five single-layer, one double-
layer, and one triple-layer HTSs are the newly added
data points. They have been plotted with the previous
reported SrD-La214 and CaD-Y1236. The plotted data
are listed in Table IV. Ppl of SrD-La214 without excess
oxygen is equal to Sr-content.4 The Ppl of CaD-Y1236,
which the oxygen-content was determined to be 6 by the
iodometric titration in Ar gas,24 can be ambiguously and
directly determined as a half of Ca-content, since the
CaD-Y1236 has the isolated Cu layer in stead of CuO
chain. In fact, it is shown by the O 1s and Cu 2p NEX-
AFS experiment that the holes introduced by replacing
Y3+ with Ca2+ appear solely in the CuO2 planes without
affecting the isolated Cu layers in the CaD-Y1236.41 Ppl
for the other materials were determined from the copper
valency measured by the iodometric titration for the OD-
La214104 and CD-Bi2201,107,108 and the double iodomet-
ric titration for the OD-Hg1212,54 CD-HgFe1212,52 and
OD-Hg1223.54 The error of Ppl is mainly coming from
the oxygen-deficient (δ). For the double- and triple-layer
HTSs, the error of δ was below 0.01.24,52,54 For the SrD-
La214, the oxygen deficient is estimated to be ∼0.005,
according to the result of Radaelli et al.28 These error
of Ppl can be estimated to be below 0.01. For the CD-
Bi2201, the error of δ is ∼0.02,107,108 and therefore the
error of Ppl is ∼0.04. Noticed that the plotted data fol-
low the universal S290(Ppl)-curve proposed in Ref. 24,
which is irrespective of the nature of dopant, nlayer, the
structure and the sample quality, namely, single crystal
or not. It is also independent from whether the CuO2
plane is surrounded by the octahedral or pyramidal oxy-
gen coordination. For the SrD-La214, there is the upward
deviation from the universal line at Ppl > 0.25. This devi-
ation is considered to be due to the oxygen-deficient that
was reported to be significant over x = Ppl ∼ 0.25.28
In the CeD-NdSr214, the upward deviation over Ppl ∼
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FIG. 3: (Color online) Hole-doping concentration determined
by various techniques as a function of Ppl. The plotted data
are are summarized in Table V.
0.15 from the universal line can be explained by the oxy-
gen deficiency generating the hole deficient of ∼0.05 as
pointed out in Ref. 105. Accordingly, all plotted data
lie in a shaded area around our universal S290(Ppl)-curve
with the Ppl-accuracy of ±0.01 within the reported error.
Therefore, the proposed universal S290(Ppl)-curve that
purely based on the experimental grounds works well as
the empirical intrinsic hole-scale for the HTS in the range
of 0.01 < Ppl < 0.34. In Fig. 2(c), we compare Ppl with
PTc . The solid line shows Ppl as a function of PTc . The
broken line shows Ppl = PTc . The quantitative difference
between the Ppl scale and PTc scale becomes clear in Fig.
2(c). In addition we used this relation for the conversion
from PTc into Ppl when the data plotted here have the
PTc without TEP.
Next, we compare our universal scale based on the S290
to that determined by other techniques. The hole-doping
concentration by ARPES (PARPES) is deduced from
the area of the experimental Fermi surface (FS). The
planar hole-doping concentration is also determined by
NEXAFS (PNEXAFS), by NQR (PNQR) and by AMRO
(PAMRO). In Fig. 3, we plot the PARPES , PNEXAFS ,
PNQR and PAMRO as a function of Ppl. The plotted
data are summarized in Table V. It can be clearly seen
that the Ppl determined by TEP is quite consistent with
PNEXAFS and PNQR. Although there is a slight scat-
tering, Ppl is also consistent with PARPES and PAMRO.
TABLE V: The data plotted in Fig. 3.
Probe HTS Ppl Ref.
ARPES SrD-La214 (a) 38
SrD-La214 (b) 39
OD-BiPb2201 40
CD-BiPb2201 40
NEXAFS CaD-Y1236 41
OD-Y123 I 41
CD-YCa123 (x=0.1) I 41
NQR OD-Y123 I 42
OD-Tl2201 I 42
AMRO OD-Tl2201 I 43
Thus, our Ppl-scale is consistent with above other scales.
Accordingly, the present pu scale is also intrinsically con-
sistent with the hole-doping concentrations determined
by the above techniques.
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FIG. 4: (Color online) Tc and T
∗
ρ as a function
of pu for (a) the OD-Y123-related materials and (b)
Y0.8Ca0.2Ba2(Cu1−yZny)3O6+δ. The plotted data are sum-
marized in Table VI. The solid line is a half-dome-shaped
Tc-curve with T
max
c = 86 K. The dotted line comes from the
equation (1) with Tmaxc = 86 K.
7B. Asymmetric half-dome-shaped Tc curve
In Fig. 4(a), we plot the Tc and T ∗ρ of all the OD-Y123
related materials which do not have significant contri-
bution of CuO chain as a function of pu. It includes
CD-YCa123,6,8,44 CLBLCO,45 and CLBCO.46 First, we
note that the Tc(pu) does not follow the well-known
superconducting dome, as shown as a dotted line in
Fig. 4(a), instead, it follows an asymmetric half-dome-
shaped curve shown as a solid line. Although Tc in
the underdoped regime basically follows the supercon-
ducting dome, Tc in the overdoped regime decreases
much more rapidly. In Fig. 4(a), T ∗ρ decreases with
doping, smoothly merges into the half-dome-shaped Tc
curve and finally tends to reach an end point located
at (pu,T ) = (1.3,0). Therefore, in contrast to the pro-
posal that the T ∗ρ curve crosses the Tc curve,
1 the T ∗ρ
curve smoothly merges into the Tc curve in the over-
doped regime. In Fig. 4(b), we plot Tc and T ∗ρ as a
function of pu for Y0.8Ca0.2Ba2(Cu1−yZny)3O6+δ for 0
≤ y ≤ 0.04.6, Although T ∗ρ (pu) slightly depends on Zn-
content in the overdoped regime, T ∗ρ (pu) again tends to
merge into Tc(pu) at the overdoped regime. This should
be compared to the original plot, based on the PTc-
scale, in which T ∗ρ crossed the superconducting dome and
reached zero at a proposed QCP (PTc = 0.19).6 Accord-
ingly, the crossing was a artifact that came from two
sources; one is the use of a hole-scale that failed to tak-
ing into account the differences in dimensionality of dif-
ferent physical properties, namely, the two-dimensional
T ∗ρ vs three-dimensional Tc, and the other is that the
Tc curve for the majority of HTS follows the asymmetric
dome-shaped curve, only SrD-La214 follows the sym-
metric dome-shaped Tccurve or superconducting dome.
τc(Tc) vs pu plot for the cation and oxygen co-doped
HTS and the purely oxygen-doped HTS are shown in
Figs. 5(a) and (b), respectively. For comparison, τc(Tc)
vs Ppl curve of OD-Y123 reported in Ref. 26 is also plot-
ted in Fig. 5(b). Tmax.c and P
opt.
pl are summarized in
Table VII. The CD-HTSs follow the present asymmet-
ric half-dome-shaped Tc-curve. τc(Tc) vs pu curve of the
single-layer OD-Tl2201, which behaves differently from
that of the other in the plot of Tc vs P3D as shown in
Fig. 1(b),25 actually follows the asymmetric half-dome
shaped Tc-curve. The other overdoped OD-HTSs also
TABLE VI: The data plotted in Figs. 4(a) and (b).
Fig. HTS Ppl Ref(s).
4(a) CD-YCa123 (x=0.2) 8,44
CD-YCa123 (x=0.05) II 6
CLBLCO (x=0.4) 45
CLBCO 46
4(b) Y0.8Ca0.2Ba2(Cu1−yZny)3O6+δ II 44
(0 ≤ y ≤ 0.04)
follow the half-dome-shaped Tc curve. Note that Tc of
the underdoped OD-HTS is slightly enhanced from the
half-dome shaped Tc-curve and Tc appears at a lower pu.
The OD-Y123 also shows the similar trend, although it
is influenced by the CuO chain ordering.26 We attribute
this to the influence of the soft oxygen dopants.109 Thus,
opposite to the common belief, the τc(Tc) vs pu phase
diagram of the majority of HTSs follow the asymmetric
half-dome shaped Tc curve. Noticed that the asymmet-
ric half-dome-shaped Tc curve goes to zero at pu ∼ 1.3.
It is interesting to point out that if we take P opt.pl to be
universally equal to 0.16, as assumed in the PTc scale,
then the critical pu ∼ 1.3 corresponds to PTc ∼ 0.2 in
the PTc scale. This value is very close to the proposed
QCP (PTc = 0.19) identified by various experiments on
the PTc-scale.
1,6 Therefore this critical doping concentra-
tion is not located inside the superconducting phase and,
physically, it is the doping concentration where all the
phenomenology of high Tc ceases to exist and the ground
state becomes a conventional Fermi liquid (FL) for pu >
1.3.
In the overdoped triple-layer HTS, the charge den-
sity of the inner and outer planes were reported to be
inhomogeneous.110 This is consistent with the τc(Tc) vs
pu behavior of OD-Bi2223, black triangles in Fig. 5(b),
that Tc shows a flat region in the overdoped regime.56
However, the τc(Tc) vs pu behaviors of CD-CuCa1223,53
and CD-CuC122353 plotted into Fig. 5(a) show the same
trend as that of the single- and double-layer CD-HTSs.
τc(Tc) vs pu of OD-Tl1223,58 and OD-Hg122354,57 plot-
ted in Fig. 5(b) also show the identical trend as that of
the single- and double-layer OD-HTSs. Accordingly, al-
though counter-intuitive, the charge density of the inner
and outer planes of these materials is expected to be the
same.
C. Unified electroni phase diagram
We now examine various characteristic temperatures
and energies for HTSs that fall into the asymmetric half-
dome-shaped Tc curve. Tc(Ppl) depends on the nlayer,
while the T ∗(Ppl) is independent of it.24 Therefore, we
group the single- and double-layer HTSs with same Tmaxc
∼ 90 K together. We found in Ref. 24 that the various
characteristic temperatures or pseudogap temperatures
can be separated into two groups of the lower pseudo-
gap temperature (T ∗lp) and upper pseudogap tempera-
ture (T ∗up). Tc and major characteristic temperatures,
which includes T ∗lp and T
∗
up, are plotted on the reduced
temperature-scale as a function of pu in Figs. 6(a), (c)
and (e). The characteristic energies are plotted on a
reduced energy-scale µc(E) ≡ E/kBTmaxc , where kB is
Boltzmann’s constant, as a function of pu in Figs. 6(b),
(d) and (f). We will call the four solid curves from the top
to bottom the hump temperature (T ∗hump), T
∗
up, T
∗
lp and
Tc curves in the temperature-scale, and the hump energy
(E∗hump), the upper pseudogap energy (E
∗
up), the lower
8pseudogap energy (E∗lp) and ∆c-curves in the energy-
scale, respectively. The E∗hump, T
∗
up, T
∗
lp and Tc-curves
are directly determined from the plotted data. The
T ∗hump, E
∗
up, E
∗
lp and ∆c curves are converted from the
E∗hump, T
∗
up, T
∗
lp and Tc curves using a relation of T =
E/zkB or E = zkBT for each characteristic energy or
temperature. In the energy-scale, the solid curves corre-
spond to z = 3.5 and gray zone shows the energy range
from 3kBT to 4kBT .
First, we summarize the characteristic temperatures
and energies derived from the transport and thermody-
namic properties in Figs. 6(a) and (b). Here, the plotted
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FIG. 5: (Color online) Extended unified electronic phase di-
agram plotted as τc(Tc) vs pu for (a) the cation and oxygen
co-doped HTS’s and (b) the purely oxygen doped HTS. The
plotted data are summarized in Table VII. The solid and bro-
ken lines are an asymmetric half-dome-shaped Tc curve and
our superconducting dome, respectively. The dotted line is
the Tc curve for OD-Y123.
26
TABLE VII: The Tmax.c and P
opt.
pl for the HTSs plotted in
Figs. 5(a) and 5(b).
Fig. HTS Tmax.c (K) P
opt.
pl Ppl Ref(s).
5(a) (Single-layer HTS)
CD-TlPb1201 50 0.25 47
CD-Bi2201 35.5 0.28 33
CD-Bi2201 33 0.28 34
(Double-layer HTS)
CD-YCa123 (x=0.2) 85 0.237 44,48
CD-YCa123 (x=0.2) 81 0.238 II 6
CD-YCa123 (x=0.2) 85.5 0.238 8
CLBLCO (x=0.4) 81 0.235 45
CLBLCO (x=0.1) 57.7 0.205 45
CD-TlPb1212 (x=0) - a 0.235 8
CD-TlPb1212 94 0.235 49
CD-Tl1212 90 0.235 36
CD-Bi2212 92 0.236 50
CD-Bi2212 81 0.238 51
CD-HgFe1212 73 0.227 52
(Triple-layer HTS)
CD-CuCa1223 122 0.248 53
CD-CuC1223 110 0.215 53
5(b) (Single-layer HTS)
OD-Tl2201 93b 0.25b 7,35,36
OD-Hg1201 97 0.235 31,32
(Double-layer HTS)
OD-Bi2212 92 0.238 7
OD-Hg1212 127 0.227 54
OD-Hg1212 125 0.227 55
(Triple-layer HTS)
OD-Bi2223 108 0.215 56
OD-Hg1223 135 0.215 54
OD-Hg1223 138 0.215 57
OD-Tl1223 128 0.23 58
aThe Tc/Tmax.c was reported.
bWe use the reported highest Tc = 93 K as Tmax.c .
37 From the
plot of Tc vs Ppl in Fig. 1(a), the optimal Ppl is estimated to be
∼0.25. The detail is in the text.
data are summarized in Table VIII. T ∗’s determined from
TEP and γ lie on the T ∗lp-curves, while T
∗’s determined
from ρ and QPR lie on the T ∗up curves, as reported in Ref.
24. Accordingly, the upper pseudogap is identified by
the ρ and QPR, and the lower pseudogap is identified by
TEP and γ experiments. However, T ∗ determined from
the ρc tends to be higher than T ∗up, although the doping
range is restricted. This may suggest a third pseudogap
as already pointed out in Ref. 24. This suggestion is fur-
ther supported by the similar behavior derived by other
probes in the temperature- and energy-scales. We plot
the upper and lower inflection points of ρa of OD-Y123
into the Fig. 6(a).64 The lower and upper inflection points
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seem to lie on the T ∗lp and T
∗
up curves, respectively.
For the characteristic energies, we use the data
reported in the γ,67,68,69 κ,10,11,70 and QPR
experiment.66,71 E∗’s determined from the QPR lie
on the E∗up urve. E
∗’s determined from κ show up on
either E∗lp or E
∗
up curve. In the overdoped side, these
E∗’s clearly merge into the ∆c-curve. This indicates
that there is no QCP inside the superconducting phase.
In Fig. 6(b), the normal state gap, E∗sh(110 K) and zero
temperature superconducting gap, E∗sh(0 K) determined
by the specific heat measurement are plotted as the
open symbols and solid circles, respectively.67,68,69 The
E∗sh(110 K) at pu < 0.85 and E
∗
sh(0 K) follows the
E∗lp- or zkBT
∗
lp-curve. However, E
∗
sh(110 K) at pu >
0.85 deviates downward from the E∗lp-curve, crosses the
∆c-curve and finally goes to zero inside the ∆c-curve.
The temperature of ∼110 K (τc(110 K) = 110/90 ∼ 1.2)
corresponds to the T ∗lp at pu ∼ 0.85. The influence of
the lower pseudogap on the extraction of E∗’s is clearly
seen. The plotted E∗sh(110 K) is the same data set
used to support the existence of the QCP inside the
superconducting phase on the PTc scale.
1 Accordingly,
the existence of the QCP inside the superconducting
phase is extrinsic to high Tc.
We summarize the characteristic temperatures and en-
ergies derived from the spectroscopic measurements in
Figs. 6(c) and (d). The plotted data are summarized in
Table IX. T ∗ determined in the AIPES lies on T ∗hump.
12
T ∗ determined from the ARPES,13,72,73 and SIS74 can-
not be grouped into either T ∗up or T
∗
lp curve, since they lie
between T ∗up and T
∗
lp-curves. The E
∗ determined in the
ARPES,13,14,15,73,75,76,77 and tunneling,16,17,74,78,79,80,81
are plotted in Fig. 6(d): the peak and hump energies
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TABLE VIII: The HTSs plotted in Figs. 6(a) and 6(b).
Fig. Probe HTS Ppl Ref(s).
6(a) ρ OD-Y123 I 59
CD-YCa123 (x=0.2) II 6
CLBCO 46
OD-Hg1201 31
ρa CD-Bi2212 9
ρab OD-Y123 I 60
OD-Bi2212 I 61
ρc OD-Y123 I 62,63
OD-Bi2212 I 9
d2ρa/dT
2 OD-Y123 I 64
TEP OD-Y123 7
CD-YCa123 (x=0.2) 8
CLBCO 46
CLBLCO (x=0.4) 45
OD-Bi2212 7
CD-Bi2212 50,51
OD-Hg1201 31
γ OD-Y123 I 65
QPR OD-Y123 I 66
6(b) γ CD-YCa123 (x=0.2) I 67
OD-Y123 68
OD-Bi2212 I 69
κ OD-Y123 I 10
OD-Bi2212 I 70
OD-Tl2201 I 11
QPR OD-Y123 I 66
CD-YCa123 (x=0.2) I 71
observed in ARPES and tunneling lie on the E∗lp and
E∗hump curves, respectively. It is clearly seen that there
is a third energy scale corresponding to the hump struc-
ture observed in the ARPES and tunneling spectroscopy.
We summarize the characteristic temperatures and en-
ergies derived from the spin and charge probes in Figs.
6(e) and (f), respectively. The plotted data are sum-
marized in Table IX. For the characteristic tempera-
tures, T ∗ determined from the (T1T )−1 lies on the T ∗lp.
T ∗ determined from the neutron lies between T ∗up- and
T ∗lp curves. T
∗
mK and T
∗
K observed in Kc lie on the
T ∗hump and T
∗
up, respectively.
84,85 For the characteristic
energies, the half of the coherent peak energy of B2g
ERS,22,23,90,91,94,95 half of the coherent peak energy of
B1g ERS,19,20,21,22,23,88,89,90,91,92,93,94,95 and half of the
two-magnon peak energy of B1g ERS21,22,89 lie on the
∆c, E∗lp and E
∗
hump curves, respectively.
From Figs. 6(a) − 6(f), we can conclude that the phase
diagram fundamentally reproduces the T vs Ppl plot in
Ref. 24. Their characteristic temperatures T ∗ lie on ei-
ther the T ∗up or the T
∗
lp curve in Ref. 24. Furthermore,
the third characteristic energy, the “hump” energy, does
TABLE IX: The HTSs plotted in Figs. 6(c) - 6(f).
Fig. Probe HTS Ppl Ref(s).
6(c) ARPES OD-Bi2212 I 13,72,73
AIPES OD-Bi2212 I 12
SIS OD-Bi2212 I 74
6(d) ARPES OD-Y123 I 75
OD-Bi2212 I 13,14,15,73,76
OD-Tl2201 I 77
SIS OD-Y123 I 78
OD-Bi2212 I 16,17,74,79,80
OD-Tl2201 I 81
SIN OD-Bi2212 I 17
6(e) (T1T )
−1 OD-Y123 I 82,83
OD-Bi2212 I 84
OD-Hg1201 I 85
Kc OD-Bi2212 I 84
OD-Hg1201 I 85
neutron OD-Y123 I 18,86
χ OD-Bi2212 I 61
OD-Tl2201 I 87
χab and χc OD-Bi2212 I 9
6(f) B1g ERS OD-Y123 I 22,88,89
CD-YCa123 (x=0.2) I 88
OD-Bi2212 I 20,21,23,90,91
CD-Bi2212 I 92
OD-Tl2201 I 93
OD-Hg1201 I 94
B2g ERS OD-Y123 I 22
OD-Bi2212 I 23,90,91
CD-Bi2212 I 22
OD-Tl2201 I 95
OD-Hg1201 I 94
neutron OD-Y123 I 18
exist, although it is hard to detect as the corresponding
characteristic temperature or T ∗hump. All four character-
istic temperatures (Tc, T ∗lp, T
∗
up, and T
∗
hump) and the cor-
responding energies (∆c, E∗lp, E
∗
up, and E
∗
hump) do not
cross each other. The four temperatures and energies
tend to converge with increasing pu, merge at pu ∼ 1.1,
and finally vanish at pu ∼ 1.3.
Some T ∗’s (E∗’s) have relatively large scattering, and
are hard to group into either T ∗up (E
∗
up) -curve or T
∗
lp-
(E∗lp) -curve. For example, the E
∗ from κ and T ∗ from
ARPES, tunneling spectroscopy and neutron scattering
are scattered. These scattering may come from the dif-
ferences in the characteristic time-scale and length-scale
specific to different experimental probes for observing
the intrinsically inhomogeneous electronic states, as dis-
cussed by Mihailovic and Kabanov.112 Indeed, similar to
T ∗up- and T
∗
lp-curves or E
∗
up- and E
∗
lp-curves, they all be-
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FIG. 7: (Color online) Electronic phase diagram for the single-layer SrD-La214. The temperature- and energy-scale for the
characteristic temperatures and energies are summarized in Figs. 7(a) and (b), respectively. The plotted data are summarized
in Table X.
come smaller and closer in the magnitude with increasing
doping in the underdoped regime. They merge into Tc or
∆c-curve in the overdoped regime and universally vanish
at pu = 1.3. The pseudogap, manifested either as the
characteristic energy or characteristic temperature and
independent of its origin, universally disappears at pu
∼ 1.3 together with the superconductivity. This strongly
suggests that the pseudogap phase is the precursor of the
superconducting phase.
In Fig. 8(a), we present a sketch of the unified elec-
tronic phase diagram for HTSs purely based on experi-
mental grounds. The characteristic features of the uni-
fied electronic phase diagram for single- and double-layer
HTSs with Tmaxc ∼ 90 K are: (i) the asymmetric half-
dome-shaped Tc-curve (SC phase), (ii) there are three
characteristic temperatures, T ∗hump, T
∗
up, and T
∗
lp in the
underdoped region (pu < 1), (iii) all three character-
istic temperatures and Tc come together at pu = 1.1
in the overdoped region and vanish at pu = 1.3, (iv)
T ∗hump changes into the rapid decrease at pu ∼ 1, (v)
T ∗hump and T
∗
lp are concave upward, while the T
∗
up is con-
cave downward, and (vi) the electronic phase diagram
on the temperature-scale can be translated into that on
the energy-scale through E = zkBT with z = 3.5 ± 0.5.
Although we use HTSs with Tmaxc ∼ 90 K as our model
system, we should emphasize that (i) − (vi) are salient
features for all, except of SrD-La214 discussed in Sec.
III E, HTSs. We will call this phase diagram the “uni-
fied electronic phase diagram (UEPD)” of HTS. Finally
the T ∗lp- and T
∗
up-curves tend to merge into the Ne´el tem-
perature (TN ) curve with undoping.114,115
D. Phase diagram for the SrD-La214
Now we discuss the HTS with symmetric Tc curve, i.e.,
the phase diagram of SrD-La214. For the SrD-La214, the
characteristic temperatures on the reduced temperature-
scale and characteristic energies on the reduced energy-
scale are plotted as a function of pu in Figs. 7(a) and
(b), respectively. The plotted data are summarized in
Table X. First, noticed that the characteristic temper-
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FIG. 8: (Color online) Sketches of (a) the UEPD for HTS with Tmaxc ∼ 90 K and (b) the phase diagram for the SrD-La214.
In Fig. 8(a), the superconducting (SC) and antiferromagnetic (AF) phases represented by the dotted lines are coming from the
OD-Y123.26,113 In Fig. 8(b), the AF phase for the SrD-La214 is cited from Refs. 114 and 115.
atures are separated into not three curves of T ∗lp, T
∗
up
and T ∗hump, but two curves. Also in the energy-scale,
the characteristic energies are separated into two curves.
In the UEPD, the T ∗lp- or E
∗
lp- curve was defined by
TEP , the peak structure of ARPES and tunneling, γ,
and T ∗hump or E
∗
hump curve was defined by the ρc, sus-
ceptibility, the hump structure of ARPES and tunneling,
and two-magnon peak of B1g ERS. In the SrD-La214,
the lower curve of the temperature- or energy-scale is
identified by TEP , the peak structure of ARPES and
tunneling, γ, and the upper curve is identified by the χ,
the hump structure of ARPES and tunneling, and two-
magnon peak of B1g ERS. Accordingly, the lower and
upper curves of SrD-La214 are designated to be T ∗lp and
T ∗hump (E
∗
lp and E
∗
hump), respectively. In the SrD-La214,
the T ∗ or E∗ defined by the ρ lie on either of the two
curves, suggesting no T ∗up- or E
∗
up curve. Because, in the
UEPD, the T ∗ or E∗ defined by the ρ and QPR lied on
T ∗up or E
∗
up curve. In fact, T
∗
ρ ’s for the SrD-La214 with
x < 0.16 (pu < 1) lie on the T ∗hump-curve,
116 while T ∗ρ ’s
for x > 0.14 (pu > 0.875) lie on the T ∗lp curve.
126 We also
plot the upper and lower inflection points of ρab into the
Fig. 7(a).64 The upper and lower inflection points seem to
correspond to the T ∗hump and T
∗
lp curves, respectively. In
the SrD-La214, the usual upper pseudogap temperatures
identified in UEPD tend to lie on either lower pseudogap
temperature or the hump temperature.
In Fig. 8(b), we present a sketch of the phase diagram
for SrD-La214. The Tc(pu) follows a symmetric dome-
shaped Tc-curve (SC phase). This is quite different from
feature (i) of the UEPD. There are two characteristic
temperatures, i.e., T ∗hump and T
∗
lp, in the range from the
underdoped regime. This is also different from feature
(ii) above. T ∗lp of SrD-La214 seems to be a combination
of T ∗up and T
∗
lp of the UEPD. Although the Tc, T
∗
hump
and T ∗lp decreases with doping, there is no merging until
the end point. This is also different from the feature (iii)
above. Tc, T ∗hump, and T
∗
lp fall down to (pu,τc) = ( 1.6,
0 ) in contrast to ( 1.3, 0 ) in the UEPD. There is a
slight change in curvature in the T ∗hump(pu) at pu ∼ 1.
This may share the same origin as the feature (iv) above,
although it is much weaker in the SrD-La214 system.
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Both features (v) and (vi) are similar to that of UEPD.
E. Comparison between the unified electronic
phase diagram and the other phase diagram
The present UEPD is different from the phase dia-
grams that were proposed and discussed in Refs. 1,2,3
and 127. The phase diagram in Ref. 1 suggests that the
single T ∗ curve crosses the dome-shaped Tc curve or su-
perconducting phase at around the optimal doping level,
and fall down to T = 0 at the QCP inside the supercon-
ducting phase. This phase diagram implies that there is
no correlation between the pseudogap phase and high-Tc
phase, and therefore the pseudogap is a pure competing
order. The phase diagram of Ref. 2 suggests that the
dome-shaped Tc curve intercepts the double T ∗ curves at
around the optimal doping level. The upper and lower
T ∗ curves are concave downward and upward, respec-
tively. These phase diagram is based on the PTc -scale,
since Tc follows the superconducting dome. The phase
diagram on Ref. 3 shows a tendency that the double T ∗
curves merge into the asymmetric Tc curve at around the
slightly overdoped level and go to zero with Tc at the end
point. However, both T ∗ curves are concave downward.
In Refs. 1,2,3, the pseudogap does not merge into the TN
curve with undoping. The phase diagram discussed in
Ref. 127 shows that the single T ∗-curve smoothly merges
into the TN -curve with undoping, and smoothly merges
into the asymmetric Tc curve at the end point with dop-
ing. However, the single T ∗ curve is concave downward.
Thus, without alluding to the microscopic picture for the
high-Tc mechanism, all the previously proposed phase
diagrams are different from our UEPD, except that the
asymmetric Tc curve in Refs. 3 and 127 is similar to the
present half-dome shaped Tc curve.
The present UEPD clearly appears that pseudogap ex-
ists above Tc for pu < 1.1, while for pu > 1.1 pseudo-
TABLE X: The data plotted in Fig. 7 for SrD-La214.
Fig. Probe Ref(s).
7(a) TEP 29,68,98,99
χ 116,117,118,119
ρ 116,119
d2ρab/dT
2 64
ARPES 120,121,122
AIPES 123
specific heat 48
(T1T )
−1 124
7(b) ARPES 120,121,122
QPR 125
γ 48
B1g ERS 22
B2g ERS 22
gap appears at Tc. Even experimental data that sup-
ported a QCP inside the superconducting dome on the
PTc -scale followed the UEPD. The phase diagram for the
SrD-La214 shows that pseudogap temperatures and cor-
responding characteristic energies always exist above the
superconducting phase, until the pseudogap disappears
together with the superconducting phase at pu = 1.6.
These results indicate that for all the HTSs the pseu-
dogap phase always co-exists with the superconducting
phase up to the end point and does not intersect the su-
perconducting phase. Furthermore, the overdoped HTS
with superconductivity cannot be regarded as a conven-
tional FL phase, since there is always the pseudogap
phase with superconducting phase. Both phase diagrams
suggest no QCP inside the superconducting phase. Ac-
tually, it has reported that QCP may exist at around
the end point of the superconducting phase when super-
conductivity has completely disappeared in CLBLCO,128
SrD-La214,129 OD-Tl2201,130 and OD-Bi2212.130
The UEPD is consistent with the idea that the pseudo-
gap phase is, if not sufficient, necessary for the high Tc. It
also implies that at least two distinct energy scales, i.e.,
pseudogap and superconductivity, are required to real-
ize high Tc. If we adopt a scenario that superconducting
pairing is realized in the pseudogap phase and the global
phase coherence occurs at Tc, then the smooth merging
of T ∗’s and Tc in the overdoped regime suggests that
cuprates become a “more conventional” superconductor.
Because paring and phase coherence occurs at the same
temperature (Tc). However since pseudogap still exists,
it simply merges with Tc and changes with Tc, therefore
the superconducting state as well as the normal state are
still “unconventional” up to the end point as reported in
some studies.11,77 This also explains why the pseudogap
phase was never observed in the overdoped regime except
SrD-La214. Even in the SrD-La214, the observation of
the pseudogap in the overdoped regime strongly depends
on the experimental probe. For example, it is not ob-
served in the resistivity measurements but can be clearly
seen by magnetic susceptibility and TEP measurements,
as shown in Fig. 7.
In the previous paper, we pointed out that the observed
T ∗lp and T
∗
up are coming from not one pseudogap, but two
pseudogaps,24 because the temperature where the TEP
has the broad peak, corresponding to T ∗lp, was different
from the temperature where the TEP starts to depend on
the Zn-doping, corresponding to T ∗up.
24 However, accord-
ing to the idea by Mihailovic and Kabanov,112 we can not
completely rule out a possibility that three characteristic
temperatures, including T ∗hump, are of the same physi-
cal origin. The different characteristic temperatures may
come from the differences in the characteristic time-scale
and length-scale specific to different experimental probes
for observing the intrinsically inhomogeneous electronic
states or pseudogap phase.
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IV. SUMMARY
We have proposed a dimensionless hole-doping concen-
tration (pu), which is scaled by the optimal hole-doping
concentration, for all HTSs, and construct a UEPD for
almost all HTSs, except of the purely cation-doped SrD-
La214. In the UEPD all experimentally observed char-
acteristic temperatures and energies converge as pu in-
creases in the underdoped regime, they merge together
with the Tc vs pu curve at pu ∼ 1.1 in the overdoped
regime and finally goes to zero at pu ∼ 1.3. On the
other hand, for SrD-La214, although all experimentally
observed characteristic temperatures and energies con-
verge as pu increases in the underdoped regime, they
merge together with the Tc vs pu curve at pu ∼ 1.6 where
Tc goes to zero. However, the detection of pseudogap be-
comes subtle and probe dependent for pu > 1. Both the
UEPD and the phase diagram of SrD-La214 clearly show
that the pseudogap phase is a precursor of high Tc. Fi-
nally, there remains a question of why the phase diagram
for SrD-La214 is different from the UEPD. The UEPD is
based on the cation and oxygen co-doped HTS materi-
als, while the SrD-La214 is the pure cation doped HTS.
Although the pure oxygen-doped HTS also follows the
UEPD, the phase diagram is slightly deformed by the in-
fluence of the thermally induced oxygen redistribution.
Accordingly, although we can not pin down exactly why
the SrD-La214 does not follow the UEPD, we speculate
that the differences are coming from a combination of
lattice response, such as octahedral tilt mode, to hole
doping and the hard-dopant effect discussed in Ref. 109.
Further studies are necessary to properly address this is-
sue.
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